Objective-In coronary arteries, hyperhomocysteinemia (HHcy, a known risk factor for coronary heart disease) impairs flow-induced dilations, which can be reversed by superoxide dismutase (SOD). To evidence increased O 2 .Ϫ generation and elucidate its source, we characterized changes in activity (lucigenin chemiluminescence, hydroethidine staining) and expression of arterial pro-and antioxidant systems (Western blotting, immunohistochemistry, cDNA microarray, reverse-transcription polymerase chain reaction) in the coronary arteries of rats by using methionine diet-induced HHcy.
H yperhomocysteinemia (HHcy) is an independent risk factor for coronary heart disease. 1, 2 Homocysteine is formed during the metabolism of the essential amino acid methionine, the increased dietary intake of which, when often combined with other dietary (vitamin deficiencies) and/or genetic (enzyme abnormalities) factors, is a general cause of HHcy in humans.
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Previous studies have suggested that elevation of plasma homocysteine concentration impairs flow-induced dilation of small coronary arteries 3 and relaxation of peripheral vessels 4 -6 by decreasing bioavailability of nitric oxide (NO), an effect that can be reversed by administration of superoxide (O 2 .Ϫ ) scavengers. 3, 7 The mechanisms leading to increased O 2 .Ϫ production in coronary arteries, however, have not been elucidated.
Potential vascular sources of O 2 .Ϫ include xanthine oxidase, cyclooxygenase, NO synthases (NOS), and NAD(P)H oxidases, the relative importance of which may vary among vascular beds and disease conditions. Recent studies suggest that in coronary arteries 8, 9 . Indeed, although inhibition of xanthine oxidase or cyclooxygenase abolished pathological vasoconstriction in skeletal muscle arterioles of HHcy rats, 6 it failed to restore NO-mediated responses in HHcy coronary arteries. 3 The activity and expression of vascular NAD(P)H oxidases are regulated by humoral factors 10 and proinflammatory cytokines, such as tumor necrosis factor (TNF)-␣. 11 Although recent studies have shown that in mice with genetic HHcy there is a 6-fold increase in plasma TNF-␣ levels 12 and that high homocysteine levels in vitro elicit significant changes in the cytokine expression of vascular cells, [13] [14] [15] the role of vascular TNF-␣ expression and NAD(P)H oxidase activity in eliciting coronary arterial dysfunction in diet-induced mild HHcy has not yet been elucidated.
Thus, we aimed to test the hypothesis that HHcy increases O 2 .Ϫ generation in coronary arteries by upregulating the vascular expression of TNF-␣, which may increase the activity/expression of vascular NAD(P)H oxidases.
Methods
An expanded Methods and Materials section and Table I with the detailed description of the protocols used in the present study can be found online at http://atvb.ahajournals.org.
Methionine Diet-Induced Hyperhomocysteinemia and Isolation of Coronary Arteries
Male Wistar rats (300 to 330 g, Charles River Co.) were used. In one group, moderate HHcy was induced by administration of L-methionine (10 g/L in the drinking water) for a period of 4 weeks. The septal artery was isolated from the hearts of control (C, nϭ40) and HHcy rats (nϭ40) as previously described. 3, 16 Serum homocysteine concentrations, measured with a commercially available kits (Abbott Diagnostics Co, Sigma Co), were 3.9Ϯ0.8 mol/L and 29.9Ϯ5.5 mol/L in C and HHcy rats, respectively.
Measurement of Vascular Superoxide Level
Vascular O 2 .Ϫ production was assessed in coronary arterial samples by the lucigenin chemiluminescence (CL) method 8, 16 in the absence or presence of superoxide dismutase (SOD, 200 U/mL), 4,5dihydroxy-1,3-benzene-disulphonic acid (Tiron, a O 2 .Ϫ scavenger in coronary vessels, 8 10 mmol/L), rotenone (10 Ϫ5 mol/L, a proximal inhibitor of the mitochondrial respiratory chain), allopurinol (10 Ϫ4 mol/L, an inhibitor of xanthine oxidase) diphenyleneiodonium ([DPI], 10 Ϫ4 mol/L, an inhibitor of flavin-containing enzymes, including NAD(P)H oxidases 9 ), apocynin (4-hydroxy-3-methoxyacetophenone, 3ϫ10 Ϫ4 mol/L, an inhibitor of superoxide production by NAD(P)H oxidases), apocynin plus amino guanidine (10 Ϫ4 mol/L, an inhibitor of inducible NOS [iNOS]), or SOD or polyethyleneglycol (PEG)-SOD (200 U/mL).
In separate experiments, O 2 .Ϫ production of aortic segments from HHcy rats was determined in the absence and presence (30 minutes incubation) of DPI (10 Ϫ4 mol/L) or apocynin or SOD (200 U/mL) or after endothelium removal (by rubbing).
NAD(P)H Oxidase Assay
NAD(P)H oxidase activity in homogenates of coronary vessels of C and HHcy rats was measured by the lucigenin assay 8, 11, 16 after addition of 10 Ϫ4 mol/L NADPH in the absence or presence of rotenone, aminoguanidine, DPI, or apocynin. Protein content was measured in an aliquot of the homogenate by the Lowry method.
Ethidium Bromide Fluorescence
Hydroethidine was used to localize arterial O 2 .Ϫ production as previously described. 16 In brief, cells are permeable to hydroethidine, which in the presence of O 2 .Ϫ is oxidized to fluorescent ethidium bromide (EB) that is trapped by intercalation with DNA. The sections were also counterstained with hematoxylin and immunostained for ␣-smooth muscle actin. C and HHcy tissues were processed and imaged in parallel. Samples exposed to hydroethidine in the presence of DPI (10 Ϫ4 mol/L) and Tiron (10 mmol/L) served as control.
Western Blotting
Protein expression of endothelial NOS (eNOS) and inducible NOS (iNOS), Cu,Zn-SOD, Mn-SOD, p22 phox , p47 phox , p67 phox , nox-1, gp91 phox , xanthine oxidase, and TNF-␣ in coronary arteries of C and HHcy rats was assessed by Western blotting as described previously. 3, 16 Anti-GAPDH was used for normalization.
Estimation of Vascular TNF-␣ Content
Coronary arterial segments from three HHcy rats were weighed, proteins were extracted, and Western blotting was performed with known amounts of recombinant rat TNF-␣ (0.002 to 200 ng) loaded as controls. TNF-␣ content (D TNF ) in HHcy vessels was estimated using a densitometric calibration curve, and nominal tissue concentrations (C TNF ) were computed according to the following equation: C TNF ϭ D TNF ϫ (m/ vasc ) Ϫ1 , where m is the tissue mass and vasc is the estimated average density of vascular tissue (1.06 g/cm 3 ). This estimation does not take into consideration intra-tissue compartmentalization of TNF-␣.
Localization of NAD(P)H Oxidase Subunits and TNF-␣ with Dual Immunofluorescence Staining and Immunohistochemistry
Immunohistochemical detection of p22 phox , p47 phox , p67 phox , or TNF-␣ in sections of the left ventricle was performed as described previously. 3, 16 Nox-1, TNF-␣, and ␣-smooth muscle actin were detected using dual immunofluorescent labeling. Nuclei were stained with 4Ј,6-diamidino-2-phenylindole. Immunolabeling for CD45 (a leukocyte surface marker) was also performed.
RNA Isolation and Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA from frozen arterial samples was isolated as described. 16 RT-PCR technique was used to determine expression levels of TNF-␣, ecSOD, and iNOS mRNA in control and HHcy coronary arteries, as described previously. 16 PCRs were performed using the Roche Molecular Biochemicals LightCycler System. The housekeeping gene ␤-actin was used for internal normalization. Oligonucleotids used for RT-PCR are included in Table I .
Gene Expression Profiling with cDNA-Based Microarray
Expression of 96 mediators and enzymes that are representative markers of major signaling pathways regulating cellular functions were screened by a cDNA-based microarray technique by using the GEArray™ Q series nonradioactive Signal Transduction Pathway Finder Array (Superarray, Bethesda, MA) using total RNA (2 g) from coronary arteries of control (nϭ5) and HHcy (nϭ5) rats according to the instructions of the manufacturer. Membranes were developed using CDP-Star as chemiluminescent substrate. Images were digitalized and analyzed with the Scanalyze (http://www. microarrays.org/software.html) and GEArrayAnalyzer (Superarray) software. Background-corrected densities of each tetra-spots representing each gene were averaged, normalized to the signals of the housekeeping gene ␤-actin, and the mean value and standard deviation of normalized data from each array were computed. A change in the expression of a gene was considered statistically significant if there was Ͼ2.0-fold change in the normalized signals (PϽ0.05, with Student paired t test).
Vessel Culture Studies
Coronary arteries of HHcy rats were incubated for 18 hours (at 37°C) in a vessel culture system according to the protocol of Bakker et al 17 in the absence or presence of a monoclonal anti-rat TNF-␣ antibody (R&D Systems) to neutralize bioactivity of endogenous TNF-␣. Also, coronary arteries from control rats were incubated in the absence and presence of recombinant TNF-␣ (100 ng/mL). Superoxide production was assessed with the lucigenin CL method. Expression of NAD(P)H oxidase subunits was measured by Western blotting. In separate experiments control aortic segments were incubated with TNF-␣, and O 2 .Ϫ production was measured in the absence and presence (30 minutes incubation) of SOD and DPI. 11
Materials
All chemicals, if otherwise not specified, were obtained from Sigma-Aldrich Co., and solutions were prepared on the day of the experiment. Final concentrations are reported in the text.
Data Analysis
Lucigenin CL data and densitometric ratios were normalized to the respective control mean values. Data are expressed as meansϮSEM. Statistical analyses of data were performed by Student t test or by two-way ANOVA followed by the Tukey post hoc test, as appropriate. PϽ0.05 was considered statistically significant.
Results
An extended Results section with additional figures and tables can be found online at htttp://atvb.ahajournals.org).
Vascular Superoxide Production
Under basal conditions, lucigenin CL in coronary vessels of HHcy rats was significantly higher than in vessels from C rats (C: 102Ϯ12ϫ10 3 counts/mg/min). Increased arterial lucigenin CL in HHcy was inhibited by either SOD or Tiron ( Figure  1A ) or PEG-SOD ( Figure 1B) . In separate experiments, increased O 2 .Ϫ production in HHcy vessels was unaffected by either rotenone or allopurinol and was inhibited by both DPI and apocynin ( Figure 1B ). The effect of apocynin was potentiated by co-administration of aminoguanidine ( Figure  1B) .
NADPH-dependent ( Figure 1C ) and NADH-dependent (not shown) O 2 .Ϫ production by homogenized samples of coronary arteries of HHcy rats was significantly increased compared with controls and was inhibited by DPI and apocynin.
In aortic segments of HHcy rats, there was also a significantly increased O 2 .Ϫ production (C: 100Ϯ9%, HHcy: 231Ϯ34%, CϩSOD: 52Ϯ3%, HHcyϩSOD: 40Ϯ8%) confirming results of previous studies in mice. 7 Increased O 2 .Ϫ generation by HHcy aortas was inhibited by the administra-tion of SOD, DPI, or apocynin ( Figure 1D ) but was not significantly affected by removal of the endothelium.
Hydroethidine Fluorescence
Representative fluorescent photomicrographs of EB-stained control and HHcy coronary arterial sections are shown on Figure 1E (upper left and right, respectively). Incubation of vessels with DPI or Tiron greatly reduced EB staining of nuclei ( Figure 1E , lower left and right, respectively). Overlaying of EB-stained fluorescent and hematoxylin-stained bright-field images of the same HHcy vessels ( Figure 1F , middle) or EB-stained fluorescent images with images of the same vessel sections stained (green) for smooth muscle ␣-actin ( Figure 1F , right) showed that increased O 2 .Ϫ levels were present in the smooth muscle of HHcy vessels.
Arterial Expression of Pro-and Antioxidant Enzymes
HHcy did not alter the coronary arterial protein expression of eNOS, Cu,Zn-SOD, Mn-SOD, and xanthine oxidase (see online Figures I and II, which can be accessed at http:// atvb.ahajournals.org) and mRNA expression of ecSOD (ecSOD:␤-actin mRNA ratio: C: 0.69Ϯ0.01, HHcy: 0.71Ϯ0.01, NS) was also unaffected by HHcy. Expression of iNOS protein (Figure 2A ) and mRNA (iNOS: ␤-actin mRNA ratio: C: 0.46Ϯ0.01, HHcy: 0.65Ϯ0.01) was significantly increased in HHcy arteries. In the arteries of HHcy rats, expression of the NAD(P)H oxidase subunit nox1 ( Figure  2B ) was significantly increased, whereas expression of p22 phox and p47 phox subunits were unaffected. Expression of p67 phox subunit also tended to increase in HHcy vessels; however, the difference did not reach statistical significance (see Figure III , which can be accessed at http://atvb.ahajournals.org). Expression of gp91 phox in coronary arteries could not be detected reliably with this method. 
Immunohistochemical Localization of NAD(P)H Oxidase Subunits
In coronary arteries of HHcy rats, immunofluorescent labeling for nox-1 overlapped with the smooth muscle ␣-actin staining ( Figure III) . Immunostaining for the p22 phox and p67 phox subunits was present both in the arterial endothelium and smooth muscle. Immunostaining for p47 phox was present in the endothelium, whereas the media had lower levels of immunoreactivity ( Figure III) . Immunostaining for the leukocyte-specific surface marker CD45 could not be detected in HHcy arteries (not shown).
cDNA-Based Microarray
Using a cDNA-based microarray containing 96 signal transduction-related genes, expression of 29 different gene transcripts could be detected in control and HHcy rat coronary arterial samples (see online Table II , which can be accessed at http://atvb.ahajournals.org). The reproducibility of our procedures was tested by hybridizing identical samples from one vessel to two microarrays yielding a correlation coefficient of rϭ98. In HHcy coronary arteries, mRNA expression of the pro-inflammatory cytokines TNF-␣ and TNF-␤ (which act on the same vascular receptor and have similar biological effects), the cytokine-inducible iNOS, the cell cycle regulator CDK2L 18 and the proatherosclerotic transforming growth factor-␤ superfamily member BMP2 was increased over control vessels (Table II) . 
Arterial Expression of TNF-␣
In HHcy arteries, there was a significantly increased expression of TNF-␣ protein ( Figure 3A) . In control arteries TNF-␣ mRNA content was very low, whereas in HHcy vessels expression of TNF-␣ mRNA was elevated ( Figure 3B ). In HHcy immunostaining of coronary arteries for TNF-␣ (Figure 3C and D, brown) was localized to the smooth muscle, whereas the endothelium was relatively free of immunoreactivity ( Figure 3D, arrowhead) . Also, immunofluorescent labeling for TNF-␣ (red, Figure 3F , top) overlapped with smooth muscle ␣-actin staining (green, Figure 3F, middle) . Arteries of C rats did not show immunolabeling for TNF-␣ ( Figure 3E ).
Effect of TNF-␣ on Vascular Superoxide Production
Incubation of HHcy coronary arteries with a TNF-␣ blocking antibody significantly decreased O 2 .Ϫ production ( Figure 4A ). Using Western blotting tissue TNF-␣ levels in HHcy coronary arteries were estimated to be 100 to 150 ng/mL ( Figure  4B ). Incubation of control coronary arteries (for 18 hours) with 100 ng/mL TNF-␣ significantly increased O 2 .Ϫ production ( Figure 4C ) and increased expression of nox-1 (see online Table III , which can be accessed at http://atvb.ahajournals). TNF-␣ incubation also increased O 2 .Ϫ generation in control aortic segments (C: 100Ϯ5%, CϩTNF: 176Ϯ24%), which could be inhibited by administration of SOD or DPI.
Discussion
The new findings of the present study are that in HHcy coronary arteries there is an (1) increased O 2 .Ϫ production; (2) upregulation of NAD(P)H oxidase and iNOS; and (3) increased expression of TNF-␣.
Increased SOD-sensitive O 2 .Ϫ production in HHcy coronary arteries accords with our previous findings showing impaired flow-induced, NO-mediated dilations in these vessels that could be improved by SOD. 3 It is likely that NAD(P)H oxidases are the major source of O 2 .Ϫ generation in HHcy coronary vessels because DPI and apocynin inhibited increased lucigenin CL ( Figure 1A and B ) and improved endothelial function 3 in HHcy vessels, whereas inhibitors of other potential sources of O 2 .Ϫ were without effect. Furthermore, increased NADPH-driven O 2
.Ϫ generation in HHcy vessels also supports a significant role for increased NAD(P)H oxidase activity ( Figure 1C ). Because co-administration of aminoguanidine potentiated the effect of apocynin on O 2 .Ϫ production ( Figure 1B) , it is likely that iNOS also generates O 2 .Ϫ in HHcy coronary arteries. EB staining showed that a significant number of superoxide-producing cells were localized in the media of HHcy coronary arteries, which were also positive for smooth muscle ␣-actin ( Figure 1E and F) . This finding, taken together with results that removal of the endothelium did not significantly affect O 2 Ϫ generation by HHcy aortic segments ( Figure 1D ), suggests that in HHcy it is the smooth muscle cells of coronary arteries and aorta that generate the bulk of O 2 .Ϫ . Because previous studies also have shown that in HHcy coronary vessels 3 and aorta 7 there is an increased protein 3-nitrotyrosine content in smooth muscle cells, it is likely that the increased NAD(P)H oxidase-derived O 2 .Ϫ levels in smooth muscle scavenge flow-induced endothelium-derived NO, decreasing its signaling function and resulting in increased formation of ONOO Ϫ .
Comparison of the expression profile of vascular pro-and antioxidant enzymes that are involved in the metabolism of O 2
.Ϫ and NO revealed that in HHcy the expression of iNOS was significantly increased (Figure 2A ), supporting its role in increased O 2 .Ϫ production ( Figure 1B ) and/or ONOO Ϫ generation. 3 The expression of eNOS, SOD isoforms, and xanthine oxidase ( Figures I and II) was unaffected by HHcy, suggesting that a decreased presence of eNOS or SOD or upregula- tion of xanthine oxidase does not contribute significantly to HHcy-induced oxidative stress in these vessels. Although antioxidant systems distinct from SOD (eg, glutathione peroxidase 19 ) may also be altered by high homocysteine levels, it is unclear whether they interfere with O 2 .Ϫ production in HHcy coronary arteries.
Endothelial and smooth muscle cells express different NAD(P)H oxidases that consist of multiple subunits. 10, 20 We investigated the expression of four NAD(P)H oxidase subunits known to be involved in vascular O 2 Ϫ production. The membrane-associated nox-1 subunit, 10, 20 which is a member of a growing family of gp91 phox homologues, and the p22 phox subunit are essential for the oxidase activity. Activation of the NAD(P)H oxidases is also thought to involve binding of p47 phox and p67 phox to the membrane oxidase complex, allowing the assembled enzyme complex to facilitate electron transfer from NADH/NADPH to molecular oxygen, forming O 2 .Ϫ . In coronary arteries of HHcy rats expression of the membrane-associated NAD(P)H oxidase subunit nox-1 is significantly increased ( Figure 2B ). Immunofluorescent labeling showed that expression of nox-1 in HHcy coronary arteries was primarily confined to smooth muscle ( Figure III) . Previous studies also demonstrated expression of nox-1 in vascular smooth muscle 10, 20 and its absence in endothelial cells. HHcy did not seem to affect the arterial expressions of p22 phox , p67 phox , and p47 phox (Figure III) . Taken together, these findings support the hypothesis that HHcy elicits oxidative stress in the coronary circulation by upregulating a nox1based NAD(P)H oxidase in the arterial smooth muscle. Our findings may have important clinical applications because recent studies have demonstrated an upregulation of noxbased NAD(P)H oxidases in arterial smooth muscle in human coronary atherosclerosis 21 which is often associated with HHcy. 1, 2 One of the known mechanisms that regulate vascular NAD(P)H oxidase expression/activity is the autocrine-paracrine mediator TNF-␣. 11, 22 Microarray analysis of gene expression profile indicated a substantially increased expression of TNF-␣ in HHcy coronary arteries. Increased expression of TNF-␣ mRNA was confirmed by RT-PCR ( Figure 3B ) and increased TNF-␣ protein content was demonstrated by Western blotting ( Figure 3A) , raising the possibility that this mechanism may contribute to upregulation of NAD(P)H oxidases in HHcy.
Immunohistochemistry suggests that in HHcy, TNF-␣ is predominantly produced by smooth muscle cells 23 ( Figure  3C ,D,F). Recent studies also showed that high homocysteine levels in vitro may induce cytokine expression in endothelial 15 and smooth muscle cells 14 and that plasma level of TNF-␣ increases in different forms of HHcy in humans and mice. 12, 24 The possibility that locally produced TNF-␣ contributes importantly to the development of vascular oxidative stress in HHcy is suggested by the findings that incubation with a TNF-␣ blocking antibody substantially decreased O 2 .Ϫ generation in HHcy coronary arteries ( Figure 4A ). TNF-␣ is likely to have multiple effects on vascular NAD(P)H oxidase, including induction of its expression (similar to its effect on iNOS). Indeed, incubation with exogenous TNF-␣ in vitro upregulated NAD(P)H oxidase expression (Table III) and   O 2 .Ϫ production in smooth muscle cells 11 and control arteries ( Figure 4C ). Previous studies also have shown that increased vascular O 2 .Ϫ production in proinflammatory conditions is often associated with upregulation of one or more NAD(P)H oxidase subunits. 20 In addition to the transcriptional control, TNF-␣ may also stimulate NAD(P)H oxidase activity in a protein kinase C-dependent manner. 22 On the basis of the aforementioned findings, it is logical to hypothesize that in HHcy coronary arteries TNF-␣ upregulates NAD(P)H oxidase-dependent O 2 .Ϫ production both by induction of the oxidase subunit nox1 and an increased phosphorylation of the regulatory subunits. Increased vascular production of TNF-␣ is also likely to be linked to the increased iNOS expression/ activity in coronary arteries (Figure 2A ) of HHcy rats.
On the basis of the present and previous findings 12 we propose that HHcy-induced oxidative stress and activation of cytokine expression reflect a proinflammatory state of the vessels ( Figure 4D ). Increased vascular production of proinflammatory cytokines, such as TNF-␣, upregulates NAD(P)H oxidase and iNOS, resulting in increased oxidative and nitrosative stress and a reduction in the bioavailability of NO. 3 These factors may also induce further changes in the endothelial and smooth muscle gene expression profile resulting in a proatherosclerotic vascular phenotype (eg, vasomotor dysfunction, endothelial activation, expression of adhesion molecules and chemokines, and smooth muscle proliferation), 12, 14, 25 ultimately leading to atherogenesis, favoring ischemic heart disease.
